Introduction {#s1}
============

The recent approach in treatment of patients with *de novo* acute myeloid leukemia (AML) depends on specific risk adapted treatment protocols. Cytogenetic and molecular criteria of AML were found to be the most important factors that determined the risk group for each individual patient. Nucleophosmin (NPM) gene mutation was speculated to be one of these factors. This was mainly valid in AML patients lacking other cytogenetic abnormalities \[[@R01]-[@R05]\]. Accordingly, several attempts were conducted to develop a suitable method for detection of mutated NPM (mNPM) in primary AML.

The first reported detection of mNPM in AML was based mainly on immunohistochemical (IHC) analysis to spot the cytoplasmically translocated NPM, followed by direct sequence analysis of leukemic DNA. For this purpose, Falini et al obtained a pretreatment bone marrow biopsy from patients enrolled in their study \[[@R06], [@R07]\]. This approach of NPM mutational analysis gave accurate results; however bone marrow biopsy is an invasive technique which requires an expert hand, besides it is not an integral part of the routine diagnostic/prognostic workup of AML. Moreover, direct sequence analysis is a time consuming, expensive procedure, which is attributed to its limit of detection of nearly 20% of a minor allele population, which necessitates cloning and sequencing of several clones. A recent study in 2016 reaffirmed the validity of IHC analysis in detection of mNPM and recommended this method in dry tap AML or myeloid sarcoma \[[@R08]\].

The above mentioned method was followed by several researches in succession to develop a reliable assay of mNPM in AML patients and ease its use as a molecular biomarker. In 2005, a group of Italian scientists described a method for screening NPM mutations by real-time polymerase chain reaction (RT-PCR) followed by denaturing high performance liquid chromatography. However this method is complex and depends on sophisticated equipments that are not available in many centers \[[@R9]\]. Calvo et al designed RT-PCR strategy to amplify NPM exon 12 followed by electrophoresis and fragment visualization on polyacrylamide gels in order to discriminate a 4 - 5 base pair size difference resulting from mutations in this gene \[[@R10]\]. Another PCR-based assay for NPM mutants has been devised, using differential melting of an oligo probe labeled with a fluorescent dye. The nucleobase quenching phenomenon was used to detect probe hybridization, and an oligonucleotide containing locked nucleic acid nucleotides was used as a PCR clamp to suppress amplification of the normal sequence and enhance the analytical sensitivity of the assay. The analytical sensitivity of this assay is variable depending on the concentration of the PCR clamp and other parameters \[[@R11]\]. Some researchers tried detection of type A mutation using fluorescence resonance energy transfer (FRET) probes \[[@R12]\]. However, none of these methods is a standard method for quantitative assay of mNPM; this was mainly due to the complex lengthy nature of these methods besides they are not available in all laboratories.

Other researchers tried to use flow cytometry (FCM) to detect mNPM in AML. Grimwade et al found that imaging FCM could identify mNPM in bone marrow samples of patients with AML. Also Du Pisani and Shires developed a flow cytometric technique that enables the identification of mNPM in AML patients. Nevertheless, false positive cases in their techniques, small sample size, and defective quantification indicate the need for further research \[[@R13], [@R14]\].

Materials and Methods {#s2}
=====================

Cells, cell culture and antibodies {#s2a}
----------------------------------

Both OCI-AML3 and HL60 purchased from DSMZ-German Collection of Cell Cultures (ACC 582,3) were grown in RPMI 1640 media, with GlutaMAX™ supplemented with 10% FCS and 1% Pen/strep (GIBCO, 61870- and 15070044, 10108-165, -063), at optimum gas and temperature conditions (37 °C, 5% CO~2~). Human leukemia cell lines HL60 and OCI-AML3 were used as a model for NPMc^-^ and NPMc^+^ AMLs, respectively.

Primary antibodies mouse anti-NPM (Zymed, FC-61991) which reacts with the C-terminus of NPM (detects wtNPM only), and a polyclone to NPM (abcam, 15440) which reacts to amino acid residues 23 - 38 and 226 - 240 of human NPM (detects both wtNPM and mNPM) were used.

Secondary antibodies, goat anti-rabbit (abcam, ab5999) conjugated with fluorescein isothiocyanate (FITC), and goat anti-mouse (abcam, ab6003) conjugated with Texas Red (TR).

Flow cytometeric analysis {#s2b}
-------------------------

We carried out a flow cytometeric analysis of both OCI-AML3, and HL60 cells (cell line models for NPMc^+^ and NPMc^-^ AMLs, respectively) labeled with anti-human NPM antibody that could recognize wtNPM only and another that recognizes both wtNPM and mNPM (ab15440 or anti-pan NPM). Fluorescence-activated cell sorting (FACS) analysis was performed with the BD FACS Canto II machine, equipped with BD FACS Diva v4.1.

We were guided by other researchers in interpreting flow cytometric data where FACS data were presented with logarithmic axes that extend over five decades \[[@R15]\]. Data were displayed as a single parameter frequency histogram that allows direct visual comparison, and a bivariate dot plot that helps detection of relative levels of other parameters displayed at the same time. NPM protein levels were represented with the mean fluorescence values of the correspondent anti-NPM antibody.

Specificity of the method was mainly dependent on the specificity of the anti-NPM antibody, while the accuracy was based on the flow cytometric potential in providing precise measurement of the cellular NPM-protein.

Immunocytochemistry (immunostaining) {#s2c}
------------------------------------

Firstly cellular cytospins were prepared from living cells. Then, we followed the manufacturer recommended protocols for immunostaining of cytospins for wtNPM and pan -NPM. Next, the slides were viewed, with the Nikon Eclipse 80I fluorescence microscope (ICCT Technologies, Canada), equipped with three fluorescence filter cubes. The obtained images were grabbed with the Hamamatsu ORCA HR (C4742-95-12HR) high resolution digital camera, with full remote control from PC. Another fast high sensitivity black and white camera was used for low intensity fluorescence slides. Immunofluorescence images were captured, analyzed and saved with the NIS-Elements imaging software. Also, creation of overlay images (e.g. 4\',6-diamidino-2-phenylindole (DAPI)/NPM overlay) was carried out with the same program. The saved images were edited with the Adobe Photoshop or Picasa programs.

Ethical considerations {#s2d}
----------------------

The study protocol and objectives were consistent with the Declaration of Helsinki for medical research; furthermore the protocol was approved by the Institutional Review Board of Faculty of Medicine, Assiut University.

Results {#s3}
=======

FCM is a simple straightforward tool for quantitative assay of mNPM {#s3a}
-------------------------------------------------------------------

In order to assess the practicability of FCM in measuring mNPM, a minimum of 1 × 10^6^ of HL60 and OCI-AML3 cells were fixed, then permeabilized, and next incubated with the primary NPM antibody. The antigen antibody reactions were detected with the use of species specific phycoerythrin (PE)-conjugated secondary antibodies, while the negative controls were stained with the secondary antibody only. Details of the method were discussed previously.

FACS analysis of OCI-AML3 labeled with anti-pan NPM showed single peak MF extending beyond the fourth decade, with 99.9% of total OCI-AML3 population expressing total NPM compared with 99.6% only in HL60. Although OCI-AML3 negative controls showed much more non-specific bindings than the HL-60 ones, total NPM MF of OCI-AML3 was significantly higher than HL-60 MF. The higher non-specific bindings of OCI-AML3 control were explained by the higher side scatter (SSC) values for OCI cells noted on bivariate dot plots. These findings are illustrated in [Figure 1](#F1){ref-type="fig"}, showing single parameter histograms of HL60 and OCI-AML3 labeled with anti-pan NPM ([Fig. 1a, b](#F1){ref-type="fig"}) and with wtNPM ([Fig. 1c, d](#F1){ref-type="fig"}), and bivariate dot plots of HL60 and OCI-AML3 negative controls for the anti-pan test ([Fig. 1e, f](#F1){ref-type="fig"}). The remaining four histograms represent the negative control for each test, where [Figure 1g and 1h](#F1){ref-type="fig"} are the HL60 and OCI-AML3 negative controls for the anti-pan test, while [Figure 1i and 1j](#F1){ref-type="fig"} are controls for the wtNPM test.

![FACS analysis of HL60 and OCI-AML3 cells labeled with specific anti-NPM antibodies including anti-pan NPM and antibody for wild-type NPM, and their equivalent negative controls as labeled in the figure. NPM: nucleophosmin; FACS: fluorescence-activated cell sorting; AML: acute myeloid leukemia.](jh-08-111-g001){#F1}

Mutated NPM fluorescence was expressed as the ratio of the anti-pan NPM MF to wtNPM MF, for each cell type separately, by referring to [Equation (1)](#jh390.e001){ref-type="disp-formula"}: the higher the ratio the more mNPM expressed by the analyzed cells.$$\begin{array}{l}
\text{Total~NPM~MF~to~} \\
{\text{\quad\quad  wtNPM~MF} = \frac{\text{anti-pan~NPM~MF)} - \text{(} - \text{ve~control~MF)}}{\text{(wtNPM~MF)} - \text{(} - \text{ve~control~MF)}}} \\
\end{array}$$

It was apparent that wtNPM MF has a double peak in hl60, but not the OCI-AML3 or the HL60 control. Thus, HL60 wtNPM MF was calculated using the arithmetic mean, [Equation (2)](#jh390.e002){ref-type="disp-formula"}.$$\text{Arithmetic~mean} = \frac{\sum\limits_{\text{i} = \text{1}}^{\text{n}}\text{x}_{\text{i}}}{\text{n}}$$

Mathematical calculations were done using the mean fluorescence values obtained from the statistical view provided by the FACSDiva program, and summarized in [Table 1](#T1){ref-type="table"}. After calculations the ratio of anti-pan NPM MF/wt NPM MF for OCI-AMl3 was 1.6, while that for HL60 was 0.38.

###### Numerical Values of Flow Cytometeric Analysis of Human Leukemia Cell Lines, HL60 and OCI-AML3 Labeled With wtNPM and Anti-Pan NPM, and Their Equivalent Negative Controls

  Test/control                \% patients   SSC (mean)   PE (mean)
  --------------------------- ------------- ------------ -----------
  OCI-AML3 anti-pan NPM       99.9          131,484      10,820
  HL60-anti-pan NPM           99.6          129.079      5,779
  OCI-AML3 wtNPM              99.0          125,566      9,855
  HL60 wtNPM                                             
    P1                        98.7          120,507      9,522
    P2                        18.4          101,113      23,654
  HL60 control wt             98.4          120,468      4,900
  OCI-AML3 control wt         99.8          131,925      7,748
  OCI-AML3 control anti-pan   99.7          132,628      7,509
  HL60 control anti-pan       98.6          118,312      4,007

wtNPM: wild-type nucleophosmin; SSC: side scatter; PE: phycoerythrin; AML: acute myeloid leukemia.

From the above mentioned straightforward mathematical analysis it is apparent that the ratio of anti-pan NPM fluorescence is higher for the OCI-AML3 compared with HL60. This difference between the two ratios together with what has been reported by Quentmeier et al that OCI-AML3 bears mNPM in their cytoplasm \[[@R16]\] provides evidence that FCM is a simple, available technique for quantitative assay of mNPM.

Differential expression of wtNPM within the same sample {#s3b}
-------------------------------------------------------

To further confirm and explain the MF double peak of wtNPM in HL60, we carried out flow cytometeric analysis of HL60, and OCI-AML3 cells labeled with NPM FC61991 antibody, using the same method described before. However, we used a different absorption and emission wave lengths chromophobe, namely FITC; for data display and analysis we used the bivariate dot plots together with the single parameter histograms. FACS analysis revealed a mean fluorescence double peak in labeled HL60 cells, while both HL60 control and OCI-AML3 have a single peak MF.

The histogram illustrated in [Figure 2](#F2){ref-type="fig"} showed a double peak MF of wtNPM in HL60 cells. This double peak was mainly due to the presence of two populations, one was dim (P1) with a fluorescence intensity ranged between the third and fourth decades, while the other (P2) was bright with intensity ranged between the fourth and fifth decades. From this histogram and the statistical view summarized in [Table 2](#T2){ref-type="table"}, it is clear that the dim population is higher in number, but has lower MF values of 17,282, while the bright one is smaller in number with higher MF of 28,436.

![FACS analysis of HL60 cells labeled with wtNPM, showing dual populations in the bivariate dot plots (upper panel), quiescent (red) and dividing (green), both cellular debris and dividing cells were gated as indicated in the figure, while the lower panel showing a humped peak single parameter histogram. wtNPM: wild-type nucleophosmin; FACS: fluorescence-activated cell sorting.](jh-08-111-g002){#F2}

###### FACS Data of HL60 and OCI-AML3 Labeled With wtNPM, and HL60 Negative Control

  Test             \% patients   FITC (mean)
  ---------------- ------------- -------------
  HL60 wtNPM                     
    P1             88.9          17,282
    P2             24.8          28,436
  HL60 control     81.3          5,097
  OCI-AML3 wtNPM   87.5          15,539

wtNPM: wild-type nucleophosmin; FITC: fluorescein isothiocyanate; FACS: fluorescence-activated cell sorting; AML: acute myeloid leukemia.

Results presented and analyzed by scatter gram using SSC versus forward scatter (FSC) and examining the associated fluorochrome expression showed that this double peak is due to presence of these two cellular populations with the smaller population bigger in size and expressing more wtNPM. On the contrary both HL60 negative control and labeled OCI-AML3 had a single peak MF histogram; furthermore, this single peak was represented with a single population of cells in the scatter gram ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

![FACS analysis of HL60 negative control (secondary antibody only), showing presence of single population in the bivariate dot plots (upper panel), debris was gated as indicated, and a single peak MF histogram in the lower panel. FACS: fluorescence-activated cell sorting.](jh-08-111-g003){#F3}

![FACS analysis of wtNPM in OCI-AML3 cells, showing a single population in the bivariate dot plots (upper panel), debris was gated as indicated, and a single peak MF histogram in the lower panel. FACS: fluorescence-activated cell sorting; wtNPM: wild-type nucleophosmin; AML: acute myeloid leukemia.](jh-08-111-g004){#F4}

Discussion {#s4}
==========

These findings could not be explained that the dim ones are dead cells or cellular debris, as FCM has the ability to differentiate dead cells from living ones by differences in their scatter properties \[[@R17]\]. Dead cells have lower FSC and higher side scatter than living cells. Although fixation is an important step in our method and that all cells after fixation are dead, this important criterion is still preserved. The most reasonable explanation is the presence of two different populations in the same sample; one of them is mostly dividing and has a bigger size and more abundant wtNPM, while the other seems to be quiescent, smaller in size and expresses much less wtNPM. However, this was not the case with OCI cells. This could be further explained by our previous detection of difference in the exponential growth rate between the two cell types \[[@R16]\], where the estimated doubling time for HL60 is approximately 12 - 24 h, while that of OCI is 18 - 24 h.

To further investigate these two populations, cells were extracted from the same HL60 flask, and two cytospins were prepared. One was immunostained with wtNPM, while the other was incubated with TR secondary antibody only (control). They were analyzed with the immunofluorescence microscope. The obtained immunostaining pattern revealed presence of two groups of cells, resting cells with strict nucleolar localization of wtNPM, and dividing ones with nucleocytoplasmic localization. An interesting finding was that there was no staining detected in the control cytospin which ensures absence of non-specific bindings, as shown in [Figure 5](#F5){ref-type="fig"}. These findings further explained the humped peak MF of wtPM in HL60 cells. An interesting finding was the typical nucleolar localization of wtNPM in resting cells, where NPM was clearly sparing the nucleolar central region. This finding reaffirmed our previous finding that the nucleolar fibrillar region is occupied with the fibrillarin rather than NPM \[[@R18]\].

![Immunostaining of wtNPM in (a) resting HL60 showing nucleolar localization (red arrowed), (b) dividing HL60 showing cytoplasmic localization in the arrowed cells, images were captured with the Hamamatasu camera and the nuclei were stained with DAPI (blue), (c) HL60 cells stained with wtNPM (white) image, grabbed with the Nikon Eclipse black and white camera, (d) HL60 negative control stained with Texas Red-conjugated secondary antibody only (no staining detected). wtNPM: wild-type nucleophosmin; DAPI: 4\',6-diamidino-2-phenylindole.](jh-08-111-g005){#F5}

Advantages of using FCM in measuring the cellular protein NPM over PCR assay are dependent mainly on its wide availability and technical simplicity. Also, FCM has the ability for straightforward quantification of the amount of the assayed NPM, rather than extracting it from the amount of PCR product, and thus yields more precise and accurate results. Moreover, FCM is an intelligent machine that identifies dying cells and cellular debris, and allows their extraction from the analysis through the gating facility. This highly important facility is not available at the PCR method of assay, and the dead cells are capable of producing positive PCR signals, which adds to the inaccuracy and the possibility to have false positive results \[[@R10]\].

On the other hand, peripheral blood samples, or bone marrow aspirates are the best materials for flow cytometric assay of NPM mutational analysis, which was attributed to their fluid nature. These materials are mandatory to be obtained in each individual patient of AML, not only to confirm diagnosis but also to help follow-up and disease monitoring thereafter \[[@R19]-[@R21]\]. This important feature adds to the feasibility of FCM in measuring mNPM.

Conclusions {#s4a}
-----------

Conclusively, we developed a simple assay of mNPM with FCM. Furthermore, we demonstrated that the multiparameter FCM has the ability to deliver precise quantitative measurement of mNPM, although the value of quantification was not clear. However, the study illustrated that FCM is a highly important tool in AML prognosis as well as in AML diagnosis, and that flow cytometric detection of mNPM is a reliable technique which can be recommended for further substratification of the intermediate risk AML group into various prognostic subgroups.

Next, we carried the investigation further and analyzed the presence of two populations in one sample. The analysis revealed that NPM is expressed differently in each population. This finding was further confirmed with the results of immunostaining of NPM in cells from the same sample, which showed that NPM is nucleolarly expressed in one group of cells while cytoplasmically localized in the other. These findings provided evidence that FCM is not only a quantitative mean for comparing NPM expression between different patients, but it can also differentiate NPM expression among cells from the same patient. This criterion adds to the accuracy of the flow cytometeric method in measuring NPM and the potential to use this method for minimal residual disease (MRD) monitoring.

The validity of our screening method of mutated NPM in molecular grouping of AML patients was strengthened by the recent introduction of mNPM in the WHO classification of myeloid neoplasms. That now incorporates AML with mutated NPM (synonym NPMc^+^) as a new entity \[[@R22]\].

Recommendations {#s5}
===============

In view of the above mentioned findings, we hypothesized that mNPM analysis with FCM should be an integral part of primary AML risk stratification. Also, we recommended that this step should be combined with or second to immunophenotyping in the diagnostic/prognostic workup of AML. This is based on results of previous studies, which revealed that the concurrent presence of mNPM and other cytogenetic abnormalities have not been reported in the same patient or other myeloid neoplasms \[[@R06], [@R23]\]. Thus, the diagnostic/prognostic hierarchy should include NPM mutational analysis before the cytogenetic analysis. Accordingly, patients with NPM gene mutation will be considered to have normal karyotype and allocated in the intermediate risk group. Those with wtNPM have one of two possibilities either to be bearing different chromosomal abnormalities or to be of normal karyotype but did not express mNPM. In this later group, further cytogenetic studies are recommended.

Moreover, we assumed that the flow cytometeric assay of mutated NPM is the most suitable tool for minimal disease monitoring in AML patients bearing NPM gene mutation. This assumption was based on the observation of the stable nature of NPM mutation over the course of the disease, where it was reported that patients with NPM mutation at diagnosis lost the mutation at complete remission, and acquire the same mutation at relapse. On the other hand, patients without NPM mutation at diagnosis did not acquire NPM mutation neither during follow-up nor at relapse \[[@R08], [@R24]-[@R26]\].

The key issue behind using mNPM for MRD monitoring is the detection of the precise type of NPM mutation in each individual patient. In this context FCM has the potential to deliver accurate measurement of each single NPM moiety specifically. However, flow cytometeric specificity is dependent mainly on the specificity of the antibody used in the assay, thus the validity of mNPM in MRD monitoring will be better with improving specificity of the commercially available anti-NPM antibodies to be targeting single NPM mutational type \[[@R27]-[@R29]\].

Future prospective {#s5a}
------------------

After development of accurate quantitative assay of mNPM in this research, further large scale clinical studies of this assay are still needed. In these studies the obtained mNPM levels should be thoroughly followed. The main aim is to correlate mNPM over- or under-expression with various disease outcomes and allow its use to stratify patients with normal karyotype into further prognostic subgroups.

Further research is needed to improve and broaden the panel of the commercially available anti-human NPM antibodies, especially those targeting the mutated type, to distinguish the precise type of mutation. Accordingly, flow cytometeric assay of mNPM could be applied for MRD monitoring in patients with AML.
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